Introduction
Cancer remains to be one of the leading causes of death worldwide. Over the past several decades significant advancements have been made in our fundamental understanding of cancer biology; which has in turn lead to better diagnostic and treatment methods. Despite these advancements, the over morality of cancer still remains high with an estimated total of 1,596,670 diagnoses and 571,950 deaths from cancer in United States in 2011 alone [1] . A major reason for this is our inability to administer therapeutic agents selectively to the targeted sites without adverse effects on healthy tissue. Current therapeutic strategies for most cancers involve a combination of surgical resection, radiation therapy, and chemotherapy. These therapies themselves are associated with significant morbidity and mortality primarily due to their non-specific effects on "normal" cells. The increase in efficacy of a therapeutic formulation is directly correlated to its ability to selectively target diseased tissue, overcome biological barriers, and "intelligently respond" to the disease environment to release therapeutic agents.
Nanotechnology coupled with advanced sophisticated therapeutic agents offers the most potential for addressing these challenges (Caldorera-Moore and Peppas, 2009a) . In recent years, outstanding progress has been made in using nanovectors, liposomal and polymermediated delivery strategies to (a) target drugs to tumor cells through surface ligands and (b) increase localized delivery by increasing serum residence time (Caldorera-Moore and Peppas, 2009a) . Although these strategies have reduced systemic toxicity, significant improvement on delivery strategies is still necessary to increase patient compliance and reduce chemotherapy-related side effects in cancer patients. In this review, we will highlight some of the limitations of current clinical treatment methods for cancer while also exploring novel research in nanotechnology for the creation of better targeted treatment moieties that have the potential to serve as drug carriers that can selectively target cancer cells and provide controlled release of chemotherapeutics.
Chemotherapy and its limitations
Chemotherapeutic agents are, in the broadest sense, small drug-like molecules that disrupt the normal functioning of a cell by inhibiting replication or inducing apoptosis, (Feng and Chien, 2003) . Due to their proficiency at provoking cytotoxic effects, chemotherapeutic agents have been almost exclusively utilized in the treatment of cancer, where they exhibit the most deleterious effects to rapidly proliferating cells (Feng and Chien, 2003) . Prominent chemotherapeutic agents include paclitaxel, doxorubicin, daunorubicin, cisplatin, and docetaxel. Paclitaxel and docetaxel are both taxanes, components that function by stabilizing the microtubules and preventing mitosis from progressing from metaphase to anaphase (Rowinsky, 1997) . Doxorubicin and daunorubicin belong to a class of chemotherapeutics known as the anthracyclines. These molecules are among the most effective drugs available, inducing the greatest degree of cytotoxicity and used to treat the widest variety of tumor types including aggressive lymphoma, breast cancer, and myeloblastic leukemia (Minotti et al., 2004; Weiss, 1992) . Doxorubicin has been shown to target the topoisomerase-II-DNA complex, disrupting the DNA and preventing cellular replication (Hurley, 2002) . Similarly, cisplatin, a platinum-compound, modifies cellular DNA which activates signaling pathways that triggers apoptosis (Boulikas and Vougiouka, 2003) .
The primary concern with utilizing the aforementioned chemotherapeutic agents is their inability to differentiate between healthy and tumor tissue (Maeda, 2001) . The drugs will attack all cells without discrimination, being particularly harmful to any rapidly proliferating cells in the body such as hair, intestinal epithelial cells, and bone marrow (Feng and Chien, 2003) . The most cytotoxic agents are the most effective but often result in severe side effects. Doxorubicin is widely considered to be best anti-cancer drug available today but results in side effects such as, nausea, fatigue, and extensive and often fatal cardiotoxicity (Minotti et al., 2004) . Oncologists must, therefore, optimize the balance between the effectiveness of the drug and a patient's ability to tolerate the accompanying side effects (Feng and Chien, 2003) . Nanoscale carrier systems designed to target specific disease conditions could be utilized to alleviate some if not all of these cytotoxic effects to health cells.
Nanoparticles as targeted, controlled-release carriers
Nanoparticles have the potential of addressing and remedying some of the most significant limitations of traditional chemotherapy, namely, its lack of specificity and narrow window of therapeutic efficacy. Nanoparticles are colloidal carriers with dimensions on the nano scale (10 −9 m). They are particularly attractive for cancer treatment due to their small size, varied composition, surface functionalization, and stability which provide unique opportunities to interact and target the tumor microenvironment (Park et al., 2009; Wang et al., 2008) . These interactions of nanoparticles with the tumor include aiding in small molecule transport to the intracellular organelles to induce the greatest cytotoxic effect. (Jones and Harris, 1998) . This review will discuss various nanoparticle structures and targeting moieties that have the potential to serve as drug carriers that can selectively target cancer cells and provide controlled release of chemotherapeutics.
Tumor Physiology
Tumor biology plays an important role in drug delivery. The growth, structure, and physiology of a tumor all impact the ability of nanoparticle drug carriers to be delivered successfully. Understanding which aspects of tumor biology are beneficial and which are detrimental to delivery leads to the development of more effective and efficient drug carriers.
Tumor Growth
A tumor grows from a single cell that undergoes some mutation that blocks its apoptotic signaling pathway causing it to uncontrollably proliferate. The rapidly replicating cells displace their healthy counterparts due to an increased demand for nutrients and subsequent waste product elimination (Brannon- Peppas and Blanchette, 2004) . During the initial stages of tumor growth the cells rely solely on diffusion to obtain nutrients limiting their size to approximately 2 mm 3 (Jones and Harris, 1998) . To bypass their diffusion-limited size the tumor cells must begin to recruit new blood vessels in a process called angiogenesis (Brannon-Peppas and Blanchette, 2004; Brown and Giaccia, 1998) .
Tumor Vasculature and Lymphatic System
Once a tumor mass is able to initiate angiogenesis, the blood vessels continue to rapidly grow producing an unorganized and aberrant vasculature (Haley and Frenkel, 2008) . Consequently, the tumor contains regions with extensive vasculature and rich blood supply and regions with poor vasculature and little blood supply. The variance in level of vasculature and the tendency of the vessels to have dead-ends and little-to-no smooth muscle or nerve innervation results in significantly heterogeneous blood flow through the tumor tissue (Brown and Giaccia, 1998) . Tumor vessels are also inherently leaky due to abnormal basement membranes and incomplete endothelial linings caused by the inability of pericytes to fully line the quickly proliferating cells forming the vessel walls (Baban and Seymour, 1998; Haley and Frenkel, 2008) .
Tumors also have a reduced ability to drain fluid and waste from the interstitial space (Brannon- Peppas and Blanchette, 2004) . The reduction in drainage is due to a poorlydefined lymphatic system caused by the demand of the quickly proliferating tumor cells (Haley and Frenkel, 2008) . Unlike healthy tissue which can rapidly remove macromolecules and lipids from its interstitium, a tumor will accumulate these molecules and retain them for extended periods of time (Maeda, 2001) .
Additional factors present at high levels in tumor cells contribute notably to angiogenesis and vessel permeability. These factors include vascular endothelial growth factor (Roberts and Palade, 1995) , basic fibroblast growth factor (Dellian et al., 1996) , bradykinin (Matsumura et al., 1988) , and nitric oxide (Wu et al., 1998) . Vascular endothelial growth factor (VEGF) increases the permeability of blood vessels by increasing both the size and quantity of fenestrations between cells (Roberts and Palade, 1995) . Elevated concentrations of bradykinin and depletion of nitric oxide both result in increased extravasation of macromolecules through the tumor vasculature (Matsumura et al., 1988; Wu et al., 1998) . Basic fibroblast growth factor (bFGF) is active in angiogenesis as it recruits endothelial cells and increases cellular proliferation (Roberts and Palade, 1995) . Combined, the highly permeable vasculature, poorly-defined lymphatic system, and elevated levels of the aforementioned factors, result in a phenomenon called the enhanced permeability and retention effect (EPR). This effect was first defined by Maeda and colleagues and explains the observed accumulation of drugs, lipids and other macromolecules (MW > 50 kDa) at the tumor site (Maeda, 2001) . The EPR has been the focus of much research due to its ability to passively target macromolecules including nanoparticles.
Barriers to Drug Delivery in Tumors
Most chemotherapeutic drugs are given via a systemic injection and circulate in the bloodstream prior to reaching the tumor site. A disadvantage of this type of delivery scheme is that the agent is allowed to come into contact with both healthy tissue and the tumor. This interaction between healthy tissue and the chemotherapeutic agent is what often leads to the debilitating side effects that accompany treatment. Another detriment to systemic delivery is that the agent will encounter numerous extra-and intracellular barriers prior to reaching the tumor site. Furthermore, the drug must retain its biological activity and reach the target site at high enough concentrations to have therapeutic efficacy. In this section we will examine the significant systemic, extra-and intracellular barriers therapeutic agents encounter.
Reticuloendothelial System and Mononuclear
Phagocytic System-The reticuloendothelial system (RES) also known as the mononuclear phagocytic system (MPS) are a group of organs and circulating macrophages whose primary function is to rid the body of foreign objects, such as bacteria (Owens and Peppas, 2006) . Nanoparticles that enter the bloodstream are also subject to rapid clearance by the RES/ MPS. These foreign bodies are not directly recognized by the macrophages, typically liver macrophages or Kupffer cells, and must first be coated by a layer of proteins in a process called opsonization. The proteins involved in this process are termed opsonins, a class of proteins available in the circulation. Opsonins include immunoglobulins, components of the complement system (C3, C4, and C5), fibronectin, type I collagen, and many others. These proteins, when encountering a foreign particle, adhere by a variety of interactions such as ionic, electrostatic, hydrophobic, hydrophilic and van der Waals forces (Owens and Peppas, 2006) . The macrophages then identify the surface layer of bound opsonin proteins coating the foreign body and proceed to engulf the particle by phagocytosis, "cell-eating", then degrading it within an intracellular vesicle such as the lysosome (Jones and Harris, 1998) .
First Pass
Renal Filtering-The human body is a carefully designed system that is particularly adept at recognizing and removing foreign particles from circulation. The renal system is an essential component in the purification of the blood and is an important consideration when designing carriers for drug delivery. The kidneys filter blood through a structure known as the glomerular capillary wall. Particles with a diameter of less than 10 nm are subject to first pass renal filtration through this structure (Davis et al., 2008; Venturoli and Rippe, 2005) .
Heterogeneous
Blood Flow-As mentioned previously, due to the rapid proliferation of tumor tissue, tumor vasculature is highly aberrant and unorganized. In conjunction with irregular vasculature structure is a lack of nerve enervation and smooth muscle which leads to a heterogeneous and variable blood flow. This becomes a barrier to systemic drug delivery as the macromolecular therapeutic agent will not be evenly dispersed throughout the tumor tissue (Jang et al., 2003) . It has been shown that areas of tumor tissue with poor blood flow are often resistant to treatment (Hori et al., 1991) .
High Tumor
Interstitial Pressure-The tumor interstitium comprises the bulk of tumor mass and consists of a collagen network and highly viscous fluid (Haley and Frenkel, 2008) . The fluid within the interstitium has some quantifiable pressure that increases with tumor size and proximity to the tumor center. This pressure increase is due to a combination of factors such as rapid cellular proliferation in a confined area, high vascular permeability into the interstitium, and lack of lymphatic drainage from the interstitium (Jain, 1987 (Jain, , 1998 . Drug diffusion into the interstitium is depleted as the pressure increases. For this reason, there tends to be a lack of drug accumulation in the center of the tumor mass where the interstitial pressure is the highest (Haley and Frenkel, 2008; Jain, 1998) .
Extracellular Matrix (ECM)-
The extracellular matrix is composed of fibrous proteins such as collagen and elastin, as well as a highly viscous polysaccharide-containing fluid. Its primary functions are to maintain cellular structure and integrity, modulate cellular interaction with the external milieu -including neighboring cells, regulate macromolecular transport and serve as a barrier to bacterial infiltration. In the context of drug transport, and, more specifically chemotherapeutic agent delivery, the ECM poses a formidable physical barrier. The tightly woven fibrous proteins and highly viscous ECM fluid, containing both hyaluronan and proteoglycans, each serve to reduce the diffusivity and spatial distribution of drug molecules within the tumor interstitium. (Jain, 1987; Jang et al., 2003) .
2.3.6 Intracellular Transport-Once the drug component reaches the cell it must be internalized. This internalization process is termed phagocytosis, or cell eating, and consists of actin protrusions of the cellular membrane surrounding and engulfing a particle (Jones and Harris, 1998) . The particle is now contained within an intracellular vesicle for transport through the cytoplasm. The particle is shuttled from the early endosome to the late endosome and finally the lysosome for degradation. Throughout this pathway the pH decreases from 7.4 to approximately 5.0. Additionally, contained within the intracellular components are enzymes that aid in foreign body degradation. The drug must maintain its activity through both decreased pH and rampant enzymatic activity (Jones and Harris, 1998) .
Nanoparticles
Nanoparticles are particularly attractive for drug delivery due to their varied composition, structure, and surface characteristics (Liechty and Peppas, 2012) . The vast array of nanoparticle compositions and structures allow the carriers to be fine-tuned for specific applications and targets. The most common architectures for targeted drug delivery applications include: liposomes, micelles, dendrimers, nanospheres, and nanocapsules. This section will highlight the benefits and detriments of these different nanoparticle systems for their use as drug delivery vehicles.
Liposomes
Liposomes are composed of amphiphilic molecules that are comprised of both polar and nonpolar components that self-assemble into colloidal particles ( Figure 1a ). This selfassembly produces a spherical structure with the polar components of the molecule contacting the polar environment and the nonpolar components contacting the nonpolar environment (Lasic, 1998) . The most common classification of liposomes is by the number of lipid bilayers present in the colloidal structure, with unilamellar liposomes containing one lipid bilayer and multilamellar liposomes containing multiple lipid bilayers. Due to their amphiphilic nature liposomes are capable of encapsulating both polar and nonpolar compounds for delivery (Lasic, 1998) .
Liposomes are attractive for drug delivery applications for numerous reasons, including their resemblance to cell membranes in both structure and composition. Additionally, liposomes can be readily formed with nontoxic, nonimmunogenic, natural and biodegradable amphiphilic molecules (Haley and Frenkel, 2008; Lasic, 1998) . Liposomes by themselves tend to be slightly sterically unstable and are cleared rapidly from the bloodstream. For drug delivery applications, this behavior is remedied by functionalizing the liposomal surface with poly(ethylene glycol) tethers to impart increased steric stabilization (PEG discussed in greater detail later in this review) (Lasic, 1998) . The surface of the liposome can also be modified with ligands for active targeting. A pegylated biodegradable liposome was used to encapsulate doxorubicin and became the first liposome-based treatment for cancer (Doxil) (Haley and Frenkel, 2008) . While liposomes have been
Micelles
The micelle is composed of amphiphilic molecules that self-assemble into a structure with a hydrophobic core and a hydrophilic exterior (Figure 1b) (Liechty and Peppas, 2012) . Micellar structure lends itself well to drug delivery applications for multiple reasons. Micelles typically have diameters of less than 100 nm, allowing them to participate in extravasation through the fenestrations in tumor vessels and limiting their uptake by the MPS/RES system. Their hydrophilic surface characteristics also shield them from immediate recognition and subsequently increase circulation time (Lavasanifar et al., 2002) . Hydrophobic drugs can be loaded into the core of the micellar structure and protected by the hydrophilic corona during transport to the tumor site (Kwon and Kataoka, 1995) .
Dendrimers
Dendrimers are highly branched molecules that display a high degree of monodispersity and a well-defined structure (Hughes, 2005) . They are stable and have surfaces that can be readily functionalized with targeting ligands and molecules such as folic acid (Majoros et al., 2006) . Drug molecules can be encapsulated in the dendrimer's multifunctional core and protected by the extensive branching. Drug molecules, such as paclitaxel, can also be attached to the exterior of the dendrimer (Figure 1c ) (Majoros et al., 2006) .
Nanospheres and Nanocapsules
Nanospheres consist of a spherical polymeric matrix within which a drug is encapsulated (Figure 1d ). The drug is typically distributed evenly throughout this matrix and released into the environment via diffusion. The composition of the polymer matrix and its ability to imbibe fluids will determine how rapidly the drug will be released (Brigger et al., 2002; .
Nanocapsules are often referred to as reservoir systems as they contain the active ingredient in a core separated from the environment by a polymeric membrane (Figure 1e ) (Haley and Frenkel, 2008) . By saturating the core the active ingredient can diffuse through the membrane with an approximately constant release rate . This release behavior is attractive for drug delivery applications.
The above nanoparticle systems have been widely explored for diffusion driven drug release due to their large surface-to-volume ratios which allow for drug release at feasible and clinically relevant time scales. There is a surge in the development of nanoparticle systems that do not rely solely on diffusion mechanisms for drug release. Instead, this new class of nanoparticle is able to respond to environmental, chemical, thermal, or biological triggers (Caldorera-Moore and Peppas, 2009b; Liechty et al., 2011; Peppas et al., 2012; Schoener et al., 2012) . These 'smart materials' will release their therapeutic payload only when triggered. A more complete review on environmentally responsive carriers was recently published by Liechty et al. Although the diffusion-driven nanoparticles are unable to respond directly to their environment there are means by which these systems can target and accumulate in the tumor interstitium.
Targeting

Passive Targeting
Passive targeting of nanoparticles takes advantage of the abnormal tumor physiology and structure that results in the EPR effect. The permeability of the vasculature and retention by an insufficient lymphatic system can passively accumulate macromolecules and increase their tumor concentration by 70-fold (Duncan, 2003) . This accumulation will only be observed if the macromolecules avoid clearance by mechanisms such as renal clearance and uptake by the MPS/RES. Two of the most important properties of effective nanocarriers are the carriers' ability to (a) remain circulating in the blood stream for a significant amount of time and (b) target specific tissues and cells (Duncan, 2003) . Particle circulation time, targeting, and the ability to overcome biological barriers is also dependent on a particle's shape, size, and surface characteristics. The lifespan of a nanoparticle within circulation is modulated by its interactions with the environment and can be modified by changing its size, particle shape, and surface characteristics (Davis et al., 2008) .
4.1.1 Size-The size of nanoparticles has an extremely important impact on its interaction with its environment. As stated previously, a particle must be at least 10 nm in diameter to avoid clearance by first pass renal filtration (Davis et al., 2008; Venturoli and Rippe, 2005) . The largest size of a nanoparticle to be used for drug delivery to a tumor is determined by a multitude of factors. As passive targeting is entirely dependent on diffusion-mediated transport into the tumor, size is important. Dreher and colleagues have shown that particles on the order of hundreds of nanometers in diameter can accumulate in the tumor tissue. Using dextran as a model macromolecule they showed that increasing the molecular weight from 3.3 kDa to 2 MDa reduced permeability by two orders of magnitude. Larger molecules were able to accumulate but were primarily contained close to the vascular surface within the tumor. Conversely, smaller molecules could penetrate more deeply into the tumor interstitium and achieve a more homogenous distribution. These observed behaviors are attributed to the effective interstitial diffusion coefficient, which decreases as the molecular weight of the diffusing molecule increases (Dreher et al., 2006) . Extrapolating from macromolecules to nanoparticles, it has been determined that the upper bound size for nanoparticles participating in the EPR effect is approximately 400 nm (Alexis et al., 2008) . Particles larger than 400 nm are simply unable to diffuse through the tumor interstitium in sufficient quantities to have any clinical or therapeutic effect.
While 400 nm is the upper bound for harnessing the effect of EPR there are other important factors that narrow the effective size range of nanoparticles. The leaky vasculature in tumors is highly permeable due to the increased size and quantity of fenestrations as well as incomplete or abnormal basement membranes (Haley and Frenkel, 2008; Roberts and Palade, 1995) . These fenestrations are typically 50-100 nm in size and, although not the only mechanism of permeating into the tumor interstitium, an important pathway for nanoparticle accumulation [40] . Looking solely at clearing mechanisms, it has been shown that particles with diameters less than 200 nm will be cleared much less rapidly than particles with diameters over 200 nm (Alexis et al., 2008; Matsumura et al., 1988; Moghimi et al., 1993) . With all of the above factors taken into consideration, an approximate upper bound of 150 nm has been determined (Liechty and Peppas, 2012) . Therefore, in order to be an effective drug carrier the nanoparticle should have a diameter between 10-150 nm. This size range will ensure longer circulation time and increased accumulation in the tumor interstitium.
Particle
Shape-Development of novel particle fabrication methods that allow for precise control over particle shape and size (Caldorera-Moore et al., 2011a; Champion et al., 2007; Glangchai et al., 2008; Rolland et al., 2005) has allowed for researchers to explore the effects of particle shape on particle bio-distribution and cellular internalization. The effects of micro-and nanoscale particle shape on particle localization and uptake was recently review (Caldorera-Moore et al., 2010) and therefore in the interest of this review only the effects of shape of nanoscale particles will be presented. The effects of particle shape and potentially the particles' curvature on cellular internalization was shown by Chan et al. (Chithrani and Chan, 2007) . It was reported that 14 and 75 nm spherical nanoparticles were up-taken by cells 3.75-5 times more than 74-by-14 nm rod-shaped particles. The group hypothesized that the significant difference in uptake could be due to the difference in particle curvature which will affect the contact area with the cell membrane receptors as well as the distribution of targeting ligands on the particles. Using PRINT-fabricated nanoparticles of various shapes and sizes, Gratton et al. have also demonstrated the effects of in vitro cellular internalization in HeLa cells. The group reported that cylindrical nanoparticles had the highest percentage of cellular internalization (Gratton et al., 2008) . Specifically, nanoparticles with 150 nm diameter and 450 nm height showed the highest internalization percentage and were taken up 4 times faster than symmetrical particles (aspect ratio of 1, 200 by 200 nm cubes). These findings suggest that nanoparticles' aspect ratio also plays an important role in cellular uptake. However, in the same studies, 100 nm diameter particles with an aspect ratio of 3 had a lower degree of internalization compared with 150 nm particles with the same aspect ratio. The group also observed that cylindricalshaped particles with 500 nm or 1 µm diameters and 1 µm height had reduced internalization in comparison with smaller particles but showed higher uptake than micrometer-sized square cross-section particles. This result suggests that the uptake kinetics is probably a function of both size and shape.
Surface
Characteristics-The surface of a particle is the primary medium by which it interacts with its environment. This is of even greater important with nanoparticles because of their large surface-to-volume ratio and relatively large surface area (Storm et al., 1995) . The surface can be modified by polymer content or functionalization which will impact how the environment "sees" the particle. When contemplating the question of drug delivery it is essential to consider how to modify the particle so it remains in circulation for the longest possible time to ensure tumor accumulation. It has been determined that modifying the surface of nanoparticles by adding hydrophilic polymers results in decreased clearance by the MPS/RES system (Storm et al., 1995) . One such hydrophilic polymer is poly(ethylene glycol) (PEG). When attached to the surface of nanoparticles PEG imparts stealth characteristics by shielding the nanoparticles from opsonin adsorption and subsequent clearance by the MPS/RES (Alexis et al., 2008). The shape, density and length of the PEG chains can be modified and have various effects on the rate of clearance. It has been shown that increasing the molecular weight of PEG chains above 2 kDa increases the half-life of the PEGylated particle (Owens and Peppas, 2006) . A dense covering of PEG chains over the surface, particularly of negative particles easily recognized by the MPS/ RES, is also necessary to prevent rapid clearance (Fang et al., 2006) . Targeting -Passive targeting can be achieved by modulating the size, shape, and surface characteristics of the nanoparticle drug carriers. However, there remain significant barriers to transport that often result in insufficient drug concentrations at the tumor site and, consequently, little therapeutic efficacy (Brigger et al., 2002; Gu et al., 2007) . Furthermore, passive targeting suffers from some of the same limitations of traditional chemotherapy such as an inability to actively distinguish healthy tissue from tumor tissue.
Limitations of Passive
Active Targeting
Active targeting takes advantage of ligand-receptor, antigen-antibody and other forms of molecular recognition to deliver a particle or drug to a specific location (Haley and Frenkel, 2008) . For cancer therapy active targeting moieties are particularly beneficial because they reduce or eliminate the delivery of potentially toxic drugs to healthy tissue. Targeted nanoparticles delivering chemotherapeutics are of interest because they can increase therapeutic effectiveness and reduce potential side effects (Gu et al., 2007) . Active targeting takes advantage of the over-expression of receptors, such as folate and transferrin, on the tumor cell surface (Liechty and Peppas, 2012) . These targeted nanodelivery devices have performed significantly better than their non-targeted counterparts resulting in an increased cytotoxicity to tumor cells and reduction of side effects (Phillips et al., 2010) . This section will focus on the most widely utilized active targeting ligands for tumor therapy including folate, transferrin, aptamers, antibodies, and peptides.
4.2.1 Folate-Folate has been one of the most extensively utilized ligands for targeted drug delivery devices. The folate receptor (FR), or the high affinity membrane folate binding protein, binds the folate molecule with extremely high affinity (K D~1 0 −9 ) (Gu et al., 2007; Hilgenbrink and Low, 2005) . This receptor is also over-expressed in a variety of tumors such as ovarian carcinomas, choricarcinomas, meningiomas, uterine sarcomas, osteosarcomas, and non-Hodgkin's lymphomas (Sudimack and Lee, 2000) . Particles conjugated with folate or folic acid and bound to a folate receptor are internalized by the cell and introduced to the cytoplasm (Figure 2a) . The drug is then released by the nanoparticle in the cytoplasm of the tumor cell and proceed to interact with intracellular components (Haley and Frenkel, 2008; Stella et al., 2000) .
One such folate conjugated nanoparticle is a folate receptor targeted biodegradable polymeric micelle loaded with doxorubicin developed by Yoo and colleagues. Micelles were created from a copolymer of poly(D,L-lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG). The PLGA allows the particle to biodegrade after delivery of its drug payload and the PEG increases the circulation time of the particles. Doxorubicin was conjugated via a chemical linkage to the PLGA while the folate was added to the PEG. The micelle (Figure 2b ) was tested for cytotoxicity and cardiotoxicity (a common side effect of DOX) compared to free DOX on folate-receptor-positive cell lines. It was determined that these particles exhibited increased cellular uptake, circulation time, and decreased cardiotoxicity (Yoo and Park, 2004) . The decrease of cardiotoxicity indicates that the targeting moiety was able to differentiate between healthy and tumor tissue with greater specificity than untargeted DOX. Furthermore, the increased cytotoxicity and cellular uptake shows that the folate-receptor actively internalized the conjugated particle into the cytoplasm (Yoo and Park, 2004) .
Transferrin-Transferrin
is another receptor-ligand pair that has been utilized for tumor targeting applications. Transferrin is a membrane glycoprotein that functions with its receptor, TfR, to aid in uptake of iron by the cell (Ponka and Lok, 1999; Yoo and Park, 2004) . Much like folate, when transferrin binds to its receptor it initiates endocytosis and is internalized into the cellular cytoplasm (Ponka and Lok, 1999) . The transferrin receptor is overexpressed by as much as 10-fold on tumor cells making it an attractive option for targeted delivery of chemotherapeutics via nanoparticle carriers (Sahoo et al., 2004 ).
Sahoo and colleagues have focused a great deal of attention on developing transferrinconjugated paclitaxel-loaded nanoparticles. The nanoparticles were made using copolymerized PLGA and poly(vinyl alcohol) (PVA), both well-studied and defined materials for drug delivery. Transferrin was conjugated to the nanoparticle surface and loaded with paclitaxel. The conjugated and loaded nanoparticles were introduced to a human prostate cancer cell line. These particles were compared to a simple solution of paclitaxel and loaded particles without transferrin. The transferrin-conjugated particles exhibited a sustained release profile and a cellular uptake three times greater than the unconjugated nanoparticles. Furthermore, the conjugated NPs reduced cellular proliferation by 70%, while the unconjugated NPs only reduced it by 35%. The free paclitaxel, by comparison, only reduced proliferation by 20% (Sahoo et al., 2004) . Transferrin-conjugated nanoparticles have been shown to inhibit cellular proliferation and tumor growth while participating in sustained release profiles and increased cellular uptake. The effectiveness of the conjugated nanoparticles is most likely due to their ability to be taken up by receptor-mediated endocytosis, which enhances the amount of drug delivered to tumor cells and limiting the amount delivered to healthy cells (Sahoo and Labhasetwar, 2005; Sahoo et al., 2004) .
4.2.3
Aptamers-Aptamers are short oligonucleotides of RNA or DNA that can fold into various conformations and engage in ligand binding (Gu et al., 2007) . However, finding such sequences is akin to finding a needle in a haystack, with only one in 10 10 random RNA sequences folding into a configuration able to participate in ligand binding (Wilson and Szostak, 1999) . SELEX, or systematic evolution of ligands by exponential amplification, is a process by which researchers can comb through vast populations of RNA and DNA sequences to find new aptamers to act as targeting ligands (Wilson and Szostak, 1999) . Benefits of aptamers include their small size (~15 kD), lack of immunogenicity, and the potential to readily penetrate and target tumor cells (Gu et al., 2007) . It has been shown that, much like folate and transferrin, aptamers result in increased targeting specificity and more efficient drug delivery to tumor cells (Gu et al., 2007 ).
An aptamer-conjugated nanoparticle has been created for the delivery of cisplatin to prostate cancer cells (Dhar et al., 2008) . The selected target is a prostate-specific membrane antigen (PSMA) that is highly overexpressed in prostate cancer cells and can be readily targeted by a PSMA aptamer. A traditional nanoparticle carrier composed of poly(D,L-lactic-co-glycolic acid) and poly(ethylene glycol) tethers was used to encapsulate cisplatin. Cisplatin is a platinum-based chemotherapeutic that functions by interfering with DNA transcription but is normally ineffective against prostate cancer cells when administered systemically. It is thought that targeted delivery of cisplatin could increase its therapeutic effectiveness. In fact, when compared to free cisplatin the PSMA aptamer-targeted Pt(IV)-encapsulated PLGA-b-PEG nanoparticles are 80 times more toxic to prostate cancer cells expressing PSMA [54] . Aptamer-conjugated nanoparticles have significant potential as cancer-drugdelivery vehicles.
Antibodies (Monoclonal Antibodies
-Like aptamers, antibodies attached to the surfaces of nanoparticles target specific antigens present on the cell membrane. The use of antibodies as targeting moieties has been extensively investigated over the past decade and has resulted in numerous available treatments (Table 1) (Adams and Weiner, 2005; Brannon-Peppas and Blanchette, 2004; Gu et al., 2007; Weber, 2007; Weiner et al., 2010) . Unconjugated antibodies have been shown to have antitumor effects on lymphomas, breast cancers, non-Hodgkin's lymphomas, colorectal cancers and chronic lymphocytic leukemias (Mehren et al., 2003; Weiner and Adams, 2000) . Antibody-based treatments function by recognizing specific antigens located on the surface of cancer cells. Once an antibodyantigen interaction occurs it can induce antitumor affects by multiple mechanisms including interfering with ligand-receptor binding or suppression of protein expression (Mehren et al., 2003) .
Although utilized for multiple successful treatments, antibody-based targeting had several early limitations. The antibodies for human use were often derived from mice and, in some individuals, resulted in an immune response that limited the duration and effectiveness of treatment. Another limitation was the lack of specificity and adequate targeting of the antibodies to their antigen-binding sites (Brissette et al., 2006) . Current technology has overcome some of these early limitations. Antibodies derived from murine proteins can now be manipulated into humanized versions that will provoke little to no immune response. Furthermore, the specific binding regions can be molecularly modified to specifically target a wide variety of receptors (Brissette et al., 2006) . The IgG molecule is extensively used for this purpose, as it contains a binding region that recognizes antigens and can be readily modified to specifically distinguish a variety of targets (Brissette et al., 2006) .
One such target is the epidermal growth factor receptor (EGFR), which is over-expressed in many cancers, and will bind to two separate ligands: epidermal growth factor and transforming growth factor-alpha (Mendelsohn, 1997) . When either ligand binds to the EGFR it stimulates growth of cells and is responsible for the rapid proliferation of cells in a variety of cancers. By blocking this ligand-receptor interaction via antibody-interference, the proliferative behavior of the cell is either reduced or stopped (Mendelsohn, 1997) . Hoffman and colleagues have determined that combining anti-EGFR antibodies with cisplatin and doxorubicin increases the cytotoxic effects of the drugs and, in some cancers, entirely eradicates the tumor (Hoffmann et al., 1997) . Monoclonal antibodies have also been examined as targets for conjugated-nanoparticle drug-delivery vehicles. The Alléman group tested two different biodegradable PLA nanoparticle formulations. The first formulation was conjugated with the trastuzumab mAb (HER2 antigen) and the second with rituximab mAb (CD20 antigen). The conjugated-nanoparticles bound to cells expressing the respective antigens at a frequency 10 times higher than non-targeted nanoparticles (Nobs et al., 2005) .
The specificity of antibodies lends particularly well to the active targeting of a variety of tumor types due to their ability to distinguish between healthy and cancerous cells and even amongst cancer cell types. In colorectal cancers, for example, over 95% of cases express the A33 antigen which can be targeted via a humanized A33 monoclonal antibody (huA33 mAb). A number of clinical studies have shown that huA33 mAb is capable of localizing specifically to colorectal cancer cells expressing the A33 antigen . Recently, Johnston and colleagues, have reported on the development of a polymeric nanoparticle system composed of a silica core followed by a layer-by-layer deposition of alkyne-modified poly(N-vinylpyrrolidone) (PVPONAlk) and poly(methacrylic acid) (PMA) (Figure 3b ). To this particle, the A33 monoclonal antibody was conjugated to the surface via click chemistry and imparted targeting characteristics to the system (Figure 3a) . Upon incubating the huA33 mAb-conjugated particles with L1M1899 colorectal cancer cells expressing the A33 antigen, it was observed that extensive internalization of the particles occurred as compared to the particles conjugated with a negative control, IgG (Figures 3c  and d) . The antibody-conjugated particles not only preferentially interacted with the cancerous cells but were also phagocytosed, which is ideal for the delivery of chemotherapeutic agents .
While antibody-based cancer therapeutics have shown promise there are several remaining limitations that must be considered in the future. The development and modification of antibodies is a complex and expensive process that is difficult to scale-up to large-scale manufacture (Brissette et al., 2006) . Even with fully humanized antibodies an immune response is a potential road block to treatment. Tumor penetration has also been an issue, with observed non-uniform uptake into the tumor mass (Weiner and Adams, 2000) . This lack of tumor penetration has been attributed to the increased size of nanoparticles due to the hydrodynamic radius of antibodies (~20nm) and an uneven distribution of antigens (Gu et al., 2007; Weiner and Adams, 2000) . Antibody fragments have been posed as a solution, as they are smaller, induce a lesser immune response, and can still selectively target antigen receptors on the surface of tumor cells (Gu et al., 2007) .
4.2.5
Peptides-Peptides have also been proposed as a potential targeting moiety for delivering chemotherapeutics. Peptides, much like antibodies, can be used to disrupt ligandreceptor interactions on tumor cells and lead to cessation of cellular proliferation. They have the added benefit of being much less expensive and complex to manufacture than antibodies (Brissette et al., 2006) . Screening of potential protein ligands is typically completed using a combinatorial phage library. This technique results in ligands that range from 10-15 amino acids in length and are able to selectively bind to tumor targets with high affinity (Brissette et al., 2006; Gu et al., 2007; Krag et al., 2006) . One such tumor target is the α v β 3 integrin, which is present at elevated levels on tumor cells and is an essential component of angiogenesis (Brooks et al., 1994) . This integrin is recognized by the arginine-glycineaspartic acid (RGD) peptidic sequence (Byrne et al., 2008) . The affinity of the RGD sequence to the α v β 3 integrin has potential to be exploited for drug delivery devices. Nasongkla and colleagues have functionalized the surface of polymeric micelles with a cyclic peptide containing the RGD sequence to deliver doxorubicin to Kaposi's sarcoma cells (Figure 2c) (Nasongkla et al., 2004) . The polymer micelle was composed of poly(ε-caprolactone)-poly(ethylene glycol) (PCL-PEG) imparting both biodegradable and longcirculating characteristics to the structure. The doxorubicin (DOX) was loaded into the polymeric micelle and preferentially located into the center of the structure. The polymer ends were then functionalized with a cyclic pentapeptide c(Arg-Gly-Asp-D-Phe-Lys) c(RGD) containing the RGD sequence to allow for selective targeting to the α v β 3 integrin. When introduced to Kaposi's sarcoma derived cells (displaying an overexpression of the α v β 3 integrin) a 30-fold increase in cellular uptake was observed between the cRGDcontaining and non-functionalized micelles (Nasongkla et al., 2004) .
Another peptidic sequence capable of targeting behavior is Angiopep-2, the complementary ligand to the low-density lipoprotein receptor-related protein (LRP). The LRP is highly overexpressed both on the blood-brain barrier and on glioblastoma multiforme (GBM), or glioma, a tumor of the pituitary gland which is typically inoperable. The combined targeting effects of Angiopep-2 has the potential to allow a therapeutic to pass through the bloodbrain barrier at sufficient concentration to then target the glioma within the brain. Xin et al, have conjugated Angiopep-2 to the surface of poly(ethylene glycol)-co-poly(ε-caprolactone) nanoparticles to engage in dual-targeting of gliomas. After observing increased cellular uptake of Ang-targeted U87 MG glioma cells as compared to blank controls, the in vivo targeting effects were measured. Fluorescently labeled nanoparticles, blank and conjugated with Angiopep-2, were injected via the tail vein into a mouse bearing an intracranial U87 MG glioma tumor. Figure 4 shows in vivo fluorescence images of the particles after 24 hours of circulation. While the blank nanoparticles are capable of accumulating in the glioma due to the EPR effect, the targeted nanoparticles were present in the tumor at much higher concentrations. This concentration differential indicates that Angiopep-conjugated PEG-PCL nanoparticles can selectively bypass the blood-brain barrier and actively target and accumulate in a glioma (Xin et al., 2011) . Targeting -Active targeting moieties are capable of reducing off-target effects and improving the bioavailability of the chemotherapeutic agent. In addition, the inclusion of imaging modalities within these nanostructures yield particles that can, theoretically, be used to target and image the tumor, while simultaneously releasing a therapeutic payload (Caldorera-Moore et al., 2011b) . However, there are a number of limitations with active targeting that bear some discussion.
Limitations of Active
The incorporation of active targeting ligands is designed to improve and enhance nanoparticle accumulation at the tumor site. What remains to be seen is whether the increased concentration of carriers and their respective payloads have any bearing upon the delivery of the therapeutic into the interior of the cell. Even if the nanoparticle carriers are capable of preferentially collecting in the tumor site, their efficacy is wholly dependent on their ability to deliver the payload (Phillips et al., 2010) . The harnessing of receptormediated endocytosis is coupled with the added challenge of encouraging endosomal-escape once the carrier or therapeutic is entrapped (Janson et al., 2006) . Additionally, the replacement of stealth polymers, such as PEG, with the active targeting moieties can drastically affect opsonization and clearance of the carrier. In order for the active targeting ligands to perform their function they must encounter tumor cells expressing the motifs of interest. If the carriers are rapidly cleared from the bloodstream, accumulation in the liver, spleen and other RES organs will be observed, while the tumor will amass a lesser amount of the targeted carriers (Phillips et al., 2010) . While active targeting ligands overcame a number of limitations seen with their passive targeted counterparts, additional work must be completed to enhance overall biodistribution and therapeutic efficacy of these actively targeted nanoparticlulate carriers.
Conclusions
Nanoparticles used as drug carriers for chemotherapeutic agents have the potential to drastically improve the way cancer is treated. Targeted therapy can reduce the extremely severe side effects those undergoing chemotherapy must endure. In addition, targeted therapy can push the boundaries of the therapeutic indices by ensuring that the cytotoxic levels of drug are only observed at the desired tumor site. A wide variety of nanoparticle structures and targeting ligands speaks to the promise of wide-scale use of targeted nanoparticle drug delivery carriers. Increasing the specificity of the carrier and optimizing drug loading and release are essential tasks to improve the quality of these devices. Targeted nanoparticle drug carriers have the potential to revolutionize cancer therapy and improve both the quality and duration of a patient's life. Targeted Particles: (A) Example of a folate receptor targeted particle. Liposome functionalized with PEG tethers to impart STEALTH characteristics and folate for tumor targeting (Hilgenbrink et al., 2005) , (B) Folate-conjugated PLGA-PGA polymeric micelle loaded with encapsulated doxorubicin (Sudimak et al., 2000) and (C) cRGD-functionalized PCL-PEG polymeric micelle containing encapsulated doxorubicin (Nasongkla et al., 2004) . (Xin et al., 2011) .
